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   ABSTRACT	  The	  Lunar	  CRater	  Observation	  and	  Sensing	  Satellite	   (LCROSS)	  observed	   the	  distant	  Earth	  on	   three	   occasions	   in	   2009.	  	   These	   data	   span	   a	   range	   of	   phase	   angles,	   including	   a	   rare	  crescent	  phase	  view.	  	  For	  each	  epoch,	  the	  satellite	  acquired	  near-­‐infrared	  and	  mid-­‐infrared	  full-­‐disk	  images,	  and	  partial-­‐disk	  spectra	  at	  0.26−0.65	  µm	  ( ~500)	  and	  1.17−2.48	  µm	  ( ~50).	  	  Spectra	   show	   strong	   absorption	   features	   due	   to	   water	   vapor	   and	   ozone,	  which	   is	   a	   biosignature	   gas.	   	  We	   perform	   a	   significant	   recalibration	   of	   the	   UV-­‐visible	  spectra	   and	   provide	   the	   first	   comparison	   of	   high-­‐resolution	   visible	   Earth	   spectra	   to	   the	  NASA	   Astrobiology	   Institute’s	   Virtual	   Planetary	   Laboratory	   three-­‐dimensional	   spectral	  Earth	   model.	  	   We	   find	   good	   agreement	   with	   the	   observations,	   reproducing	   the	   absolute	  brightness	  and	  dynamic	  range	  at	  all	  wavelengths	  for	  all	  observation	  epochs,	  thus	  validating	  the	   model	   to	   within	   the	   ~10%	   data	   calibration	   uncertainty.	  	   Data-­‐model	   comparisons	  reveal	  a	  strong	  ocean	  glint	  signature	  in	  the	  crescent	  phase	  dataset,	  which	  is	  well	  matched	  by	   our	  model	   predictions	   throughout	   the	   observed	  wavelength	   range.	  	  This	   provides	   the	  first	   observational	   test	   of	   a	   technique	   that	   could	   be	   used	   to	   determine	   exoplanet	  habitability	   from	   disk-­‐integrated	   observations	   at	   visible	   and	   near-­‐infrared	   wavelengths,	  where	  the	  glint	  signal	  is	  strongest.	  	  We	  examine	  the	  detection	  of	  the	  ozone	  255	  nm	  Hartley	  and	  400−700	  nm	  Chappuis	  bands.	  	  While	  the	  Hartley	  band	  is	  the	  strongest	  ozone	  feature	  in	  Earth’s	   spectrum,	   false	   positives	   for	   its	   detection	   could	   exist.	   	   Finally,	   we	   discuss	   the	  implications	  of	  these	  findings	  for	  future	  exoplanet	  characterization	  missions.	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1 INTRODUCTION	  	  Earth	  is	  our	  only	  example	  of	  a	  world	  capable	  of	  maintaining	  liquid	  water	  on	  its	  surface,	  and	  it	  will	  always	  be	  the	  best-­‐studied	  example	  of	  a	  habitable	  planet.	  	  Thus,	  when	  attempting	  to	  understand	  techniques	  for	  detecting	  and	  characterizing	  habitable	  exoplanets,	  we	  use	  Earth	  as	  our	  archetype.	  	  Due	  to	  the	  success	  of	  NASA’s	  Kepler	  mission	  (Borucki	  et	  al.	  2003;	  Basri	  et	  al.	  2005),	  we	  are	  discovering	  increasingly	  smaller	  worlds	  (Borucki	  et	  al.	  2010;	  Borucki	  et	  al.	  2011a;	  Borucki	  et	  al.	  2011b;	  Batalha	  et	  al.	  2013),	  and	  it	  is	  becoming	  clear	  that	  potentially	  habitable	  worlds	  may	  be	  common	  (Traub	  2012;	  Dressing	  &	  Charbonneau	  2013;	  Kopparapu	  2013).	  	  	  It	   is	   a	   high	  priority	   goal	   in	   exoplanet	   research	   to	   obtain	   and	   interpret	   the	   spectrum	  of	   a	  potentially	  habitable	  planet,	   to	   characterize	   that	  world	   for	  habitability,	   and	   to	   search	   for	  signs	  of	  life	  on	  its	  surface	  or	  in	  its	  atmosphere	  (Des	  Marais	  et	  al.	  2002;	  Seager	  et	  al.	  2005;	  Meadows	   2006).	   	   To	   support	   this	   goal,	   several	   studies	   to	   interpret	   spectroscopic	   and	  photometric	  observations	  of	  the	  distant	  Earth	  have	  been	  undertaken.	   	  Sagan	  et	  al.	  (1993)	  used	   observations	   of	   Earth	   by	   the	  Galileo	   spacecraft	   to	   characterize	   Earth’s	   surface	   and	  atmosphere,	  and	  made	  several	  arguments	  for	  the	  evidence	  of	  life	  on	  the	  planet.	  	  However,	  that	   study	   relied	   on	   spatially	   resolved	   imaging	   and	   spectroscopy,	   which	   will	   not	   be	  achievable	   for	   exoplanets	   in	   the	   near	   future,	   thus	   complicating	   interpretation.	   	   More	  recently,	   observations	   of	   the	   distant	   Earth	   from	  NASA’s	  EPOXI	  mission	   (Livengood	   et	   al.	  2011)	  have	  been	  used	  to	  characterize	  and	  map	  the	  distribution	  of	  different	  surfaces	  using	  rotational	   variation	   from	   spatially	   unresolved	   photometric	   observations	   (Cowan	   et	   al.	  2009;	  Cowan	  et	  al.	  2011;	  Fujii	  et	  al.	  2011;	  Cowan	  &	  Strait	  2013).	  	  Additionally,	  variability	  in	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absorption	  features	  of	  H2O	  and	  O2	   in	  near-­‐infrared	  (NIR)	  spectra	   from	  the	  EPOXI	  mission	  were	  used	  to	  argue	  that	  these	  species	  have	  different	  vertical	  and	  horizontal	  distributions	  in	  Earth’s	  atmosphere	  (Fujii	  et	  al.	  2013).	  	  Studies	   aimed	  at	   interpreting	  observations	  of	   the	  unresolved	  Earth	   (the	   “Pale	  Blue	  Dot”)	  are	   hindered,	   in	   part,	   by	   a	   paucity	   of	   data	   suitable	   for	   such	  work.	   	  While	   an	   armada	   of	  satellites	   continuously	   monitors	   our	   planet,	   their	   instruments	   typically	   do	   not	   obtain	   a	  simultaneous	  view	  of	  the	  entirety	  of	  Earth’s	  disk.	  	  Thus,	  these	  data	  are	  not	  appropriate	  for	  work	   aimed	   at	   studying	  Earth	   as	   an	   exoplanet,	   although	   it	   is	   possible	   to	  weave	   together	  these	   observations	   into	   a	   disk-­‐integrated	   product	   (Hearty	   et	   al.	   2009;	   Gómez-­‐Leal	   et	   al.	  2012).	   	   Ground	   based	   observations	   of	   Earth’s	   reflected	   light	   from	   the	   lunar	   night	   side	  (Danjon	  1928),	  or	  Earthshine,	  have	  proven	  useful	  for	  studying	  Earth’s	  albedo	  (Goode	  et	  al.	  2001;	   Pallé	   et	   al.	   2003;	   Qiu	   et	   al.	   2003)	   and	   for	   identifying	   certain	   features	   in	   Earth’s	  spectrum	   (Arnold	   et	   al.	   2002;	   Turnbull	   et	   al.	   2006;	   Sterzik	   et	   al.	   2012),	   but	   are	   seldom	  calibrated	  on	  an	  absolute	  scale	  and	  are	  limited	  to	  wavelengths	  where	  Earth’s	  atmosphere	  is	  not	  opaque.	  	  Spacecraft	  observations	  of	  the	  distant	  Earth	  (Sagan	  et	  al.	  1993;	  Christensen	  &	  Pearl	   1997;	   Livengood	   et	   al.	   2011)	   are	   most	   analogous	   to	   what	   future	   exoplanet	  characterization	  missions	  may	  observe,	  but	  are	  very	  rare.	  	  Given	   the	   difficulties	   associated	   with	   obtaining	   data	   suitable	   for	   studying	   Earth	   in	   the	  context	   of	   an	   exoplanet,	   models	   are	   instead	   used	   to	   simulate	   photometric	   and	  spectroscopic	   observations	   of	   the	   Pale	   Blue	   Dot.	   	   There	   now	   exists	   a	   hierarchy	   of	   one-­‐dimensional	   and	   three-­‐dimensional	   spectral	   models,	   spanning	   a	   range	   of	   approaches	   to	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simulating	   the	   spectrum	   of	   an	   unresolved	   Earth.	   	   One-­‐dimensional	   models	   typically	  simulate	   disk-­‐integrated	   spectra	   of	   Earth	   by	   treating	   the	   atmosphere	   as	   a	   collection	   of	  plane-­‐parallel	  slabs	  (Woolf	  et	  al.	  2002;	  Kaltenegger	  et	  al.	  2007;	  Stam	  2008;	  Rugheimer	  et	  al.	  2012),	   and	  must	   employ	   certain	   assumptions	   or	   simplifications	   to	   reduce	   the	   full	   three-­‐dimensional	  complexity	  of	  Earth	  into	  a	  single	  dimension.	  	  To	  accomplish	  this,	  it	  is	  common	  to	   use	   either	   the	   average	   Earth	   atmospheric	   composition,	   temperature,	   and	   cloud	   and	  surface	  coverage,	  or	  to	  implement	  a	  weighting	  scheme	  for	  these	  parameters	  based	  on	  the	  particular	  viewing	  geometry	  of	  the	  model	  (Montañés-­‐Rodríguez	  et	  al.	  2006).	  	  Three-­‐dimensional	   spectral	   models	   consider	   longitudinal,	   latitudinal,	   and,	   sometimes,	  vertical	   variations	   in	   Earth’s	   atmospheric	   and	   surface	   state.	   	   The	   relatively	   high	  computational	   cost	   associated	   with	   treating	   such	   variations	   has	   incentivized	   the	  development	  of	  a	  range	  of	  complexities	  in	  three-­‐dimensional	  spectral	  Earth	  models.	  	  Some	  models	  simulate	  only	  the	  reflection	  of	  sunlight	  from	  clouds	  and	  Earth’s	  surface,	  and	  ignore	  atmospheric	   absorption	   and	   emission.	   	   These	   three-­‐dimensional	   reflectance	   models	   are	  most	  appropriate	  at	  visible	  wavelengths,	  and	  have	  been	  used	  to	  study	  rotational	  variability	  in	  Earth’s	  reflected	  light	  spectrum	  (Ford	  et	  al.	  2001),	  and	  the	  ability	  of	  ocean	  glint,	  or	  the	  mirror-­‐like	  reflection	  of	  sunlight	  off	  Earth’s	  oceans,	  to	   increase	  our	  planet’s	  reflectivity	  at	  crescent	   phases	   (Williams	   &	   Gaidos	   2008).	   	   Some	   three-­‐dimensional	   reflectance	  models	  (Pallé	  et	  al.	  2003;	  Oakley	  &	  Cash	  2009;	  Fujii	  et	  al.	  2010;	  Sanromá	  &	  Pallé	  2011)	  specify	  the	  angular-­‐dependent	   reflectivity	   of	   clouds	   and	   surfaces	   using	   so-­‐called	   scene	  models	   (e.g.,	  Manalo-­‐Smith	   et	   al.	   1998),	   which	   have	   been	   designed	   to	   match,	   or	   are	   derived	   from,	  satellite	  observations.	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  A	   final	  category	  of	   three-­‐dimensional	  spectral	  models	  uses	  a	  numerical	  radiative	   transfer	  model	   to	   compute	   the	   wavelength-­‐dependent	   brightness	   of	   small	   patches	   of	   Earth,	   and	  then	   sums	   these	   together	   to	   provide	   a	   disk-­‐integrated	   product	   (Tinetti	   et	   al.	   2006;	  Robinson	  et	  al.	  2010;	  Fujii	  et	  al.	  2011;	  Robinson	  et	  al.	  2011;	  Sanromá	  et	  al.	  2013).	   	  Using	  this	  technique	  allows	  these	  models	  to	  simulate	  Earth’s	  appearance	  across	  a	  wide	  range	  of	  wavelengths,	  spectral	  resolutions,	  and	  viewing	  geometries.	  	  In	  particular,	  such	  models	  offer	  superior	   predictions	   of	   Earth’s	   disk-­‐integrated	   brightness	   at	   wavelengths	   where	  atmospheric	  gases	  absorb.	  	  Additionally,	  these	  higher	  complexity	  models	  are	  more	  accurate	  in	  their	  treatment	  of	  Earth’s	  phase-­‐dependent	  brightness,	  which	  is	  dominated	  by	  Rayleigh	  and	  cloud	  scattering,	  and	  by	  specular	  reflectance	  from	  the	  ocean	  surface	  (i.e.,	  glint).	  	  	  To	  be	  a	  trustworthy	  stand-­‐in	  for	  real	  data,	  it	  is	  important	  that	  all	  spectral	  Earth	  models	  be	  rigorously	  validated	  against	  observations.	   	  This	  validation	  is	  critical	   for	  preventing	  biases	  and	  incorrect	  predictions	  when	  attempting	  to	  understand	  characterization	  techniques	  for	  Earth	   in	   the	   context	   of	   an	   exoplanet.	   	   	   Some	   of	   the	   models	   discussed	   above	   have	   been	  compared	  to	  calibrated	  snapshot	  observations	  of	  Earth	  (Tinetti	  et	  al.	  2006;	  Rugheimer	  et	  al.	  2012),	   which	   can	   still	   allow	   errors	   and	   biases	   to	   persist.	   	   For	   example,	   while	   the	   cloud	  treatment	  in	  a	  spectral	  model	  can	  be	  tuned	  to	  reproduce	  a	  snapshot	  observation	  (Tinetti	  et	  al.	  2006),	  these	  tuning	  parameters	  may	  not	  be	  valid	  at	  other	  phases	  or	  times,	  thus	  leading	  to	  inaccurate	  brightness	  predictions	  (see,	  e.g.,	  discussion	  in	  Robinson	  et	  al.	  2011).	   	  Only	  a	  very	   limited	   number	   of	   spectral	   Earth	   models	   have	   been	   validated	   against	   calibrated,	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temporally	   resolved	   photometric	   (Fujii	   et	   al.	   2011)	   and	   spectroscopic	   (Robinson	   et	   al.	  2011)	  observations	  of	  Earth.	  	  	  	  On	   three	   occasions	   in	   2009,	   NASA’s	   Lunar	   CRater	   Observation	   and	   Sensing	   Satellite	  (LCROSS)	   (Colaprete	   et	   al.	   2012;	   Ennico	   et	   al.	   2012)	   acquired	   high	   spectral	   resolution	  ultraviolet	   (UV)	   and	   visible	   observations,	   as	   well	   as	   low	   spectral	   resolution	   NIR	  observations	  and	  mid-­‐infrared	  (MIR)	  images	  of	  Earth.	  	  Most	  significantly,	  LCROSS	  observed	  Earth	   at	   several	   different	   phases,	   including	   near-­‐full	   and	   crescent,	   and	   these	   data	   also	  provide	   the	   highest	   spectral	   resolution	   UV-­‐visible	   spectra	   ever	   published	   from	   distant	  spacecraft	   observations	   of	   our	   planet.	   	   Thus,	   the	  LCROSS	   dataset	   is	   extremely	   useful	   for	  validating	  models,	  as	   it	  provides	  measurements	  of	  Earth’s	  appearance	  at	   the	  extremes	  of	  phase,	  with	  near-­‐simultaneous	  data	  across	  a	  very	  wide	  range	  of	  wavelengths.	  	  In	   addition	   to	   their	   utility	   for	  model	   validation,	   the	   LCROSS	   observations	   also	   provide	   a	  unique	   opportunity	   to	   directly	   explore	   Earth’s	   detectable	   planetary	   characteristics	   at	  wavelengths	  spanning	  the	  UV	  to	  infrared.	  	  Most	  significantly,	  the	  near-­‐full	  to	  crescent	  phase	  data	   allow	   us	   to	   test	   proposed	   observational	   techniques	   that	   would	   constrain	   the	  habitability	   of	   terrestrial	   exoplanets	   by	   studying	   the	   phase-­‐	   and	   wavelength-­‐dependent	  strength	  of	  specular	  reflection	  (glint)	  from	  a	  planetary	  ocean.	  	  Additionally,	  the	  UV-­‐visible	  portion	  of	  the	  Earth's	  LCROSS	  spectra	  provide	  a	  direct	  measurement	  of	  several	  significant	  biosignatures,	   including	   ozone	   features,	   which	   could	   be	   targets	   for	   future	   exoplanet	  characterization	   missions	   (Heap	   et	   al.	   2008).	   	   These	   data	   can	   therefore	   be	   used	   to	   test	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characterization	   and	   analysis	  methods	   for	   a	   terrestrial	   planetary	   target,	   Earth,	   for	  which	  we	  have	  ground	  truth	  data	  for	  the	  surface	  and	  atmospheric	  state.	  	  	  We	  describe	  the	  LCROSS	  observations	  in	  Section	  2,	  and	  a	  significant	  recalibration	  of	  the	  UV-­‐visible	   spectra	   in	   Section	   2.1.	   	   We	   briefly	   describe	   our	   model,	   the	   Virtual	   Planetary	  Laboratory	  (VPL)	  three-­‐dimensional	  spectral	  Earth	  model,	  in	  Section	  3.	  	  Model	  validation	  is	  presented	  in	  Section	  4.1,	  and	  we	  discuss	  the	  role	  of	  glint	  in	  the	  crescent	  phase	  observations	  in	   Section	  4.2.	   	   Section	  4.3	   describes	   the	  detection	   of	   ozone	   absorption	   in	   the	  UV-­‐visible	  spectra.	  	  These	  findings	  are	  discussed	  in	  Section	  5.	  	  	  	  
2 DESCRIPTION	  AND	  RECALIBRATION	  OF	  LCROSS	  OBSERVATIONS	  	  The	   LCROSS	   mission	   was	   co-­‐launched	   with	   the	   Lunar	   Reconnaissance	   Orbiter	   (LRO)	   on	  June	   18,	   2009.	   	   After	   launch,	  LCROSS	  was	   placed	   on	   a	   “lunar	   gravity-­‐assist,	   lunar	   return	  orbit”	   trajectory	   that	   positioned	   the	  LCROSS	   spacecraft	   in	   orbit	   about	   the	   Earth	   at	   lunar	  distance	   for	   a	   period	   of	   108	   days.	   	   During	   this	   time,	   as	   part	   of	   calibration	   and	   pointing	  campaigns,	   LCROSS	   observed	   Earth	   three	   times	   on	   dates	   2009-­‐Aug-­‐1,	   2009-­‐Aug-­‐17,	   and	  2009-­‐Sep-­‐18,	  which	  will	  be	  referred	  to	  as	  Earthlook	  1,	  2,	  and	  3,	  respectively.	  	  	  For	  all	  three	  Earthlook	   sequences,	   the	   number	   and	   cadence	   of	   the	   images	  &	   spectra	  were	   tailored	   to	  meet	  the	  60	  kbps	  downlink	  requirement	  and	  to	  test	  pointing	  and	  instrument	  health.	  	  Top-­‐level	  parameters	  of	  the	  Earth	  observations	  are	  summarized	  in	  Table	  1.	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The	  LCROSS	  scientific	  payload	  consisted	  of	  five	  cameras,	  three	  spectrometers,	  and	  a	  high-­‐speed	   photometer.	   	   All	   of	   the	   instruments,	   except	   the	  NSP2	   (near-­‐infrared	   spectrometer	  #2)	  were	  bore-­‐sighted	  along	  the	  +X	  spacecraft	  axis	  (Ennico	  et	  al.	  2012).	  	  The	  +X	  direction	  was	  the	  main	  axis	  for	  observing	  the	  lunar	  impact	  data	  (nadir),	  and	  NSP2	  was	  deliberately	  aligned	  in	  the	  +Z	  direction	  to	  capture	  the	   impact	  cloud	  back-­‐illuminated	  by	  sunlight.	   	  For	  the	  Earth	  calibrations,	  all	   five	  cameras	  and	  the	  two	  nadir-­‐spectrometers,	  UV-­‐visible	  (VSP)	  and	  NIR	  (NSP1),	  took	  observations	  of	  Earth.	  	  Table	  2	  summarizes	  the	  characteristics	  of	  the	  
LCROSS	  payload	  instruments	  that	  obtained	  images	  or	  spectra	  of	  the	  Earth.	   	  The	  two	  nadir	  spectrometer’s	   1°	   fields-­‐of-­‐view	   (FOV)	   were	   co-­‐boresighted.	   	   Since	   the	   Earth	   subtended	  more	  than	  1°	  during	  all	  Earthlook	  observations,	  the	  spectrometers	  observed	  only	  a	  fraction	  of	   the	  Earth’s	   disk	   in	   each	   exposure.	   	  All	   cameras	  had	   large	   enough	  FOVs	   to	   capture	   the	  entirety	  of	  Earth’s	  disk.	  	  	  	  For	  Earthlook	  1,	  the	  majority	  of	  the	  data	  taken	  with	  science	  potential	  occurred	  in	  the	  last	  39	  minutes	  of	  the	  hour	  long	  observing	  sequence	  and	  consisted	  of	  two	  series	  of	  North-­‐South	  and	  East-­‐West	  slews	  across	  Earth’s	  disk,	  with	  controlled	  stares	  at	  Earth’s	  center.	  	  The	  two	  nadir	  spectrometers	  took	  data	  throughout	  the	  crossing	  patterns,	  but	  the	  five	  cameras	  took	  “snapshots”	  only	  at	  the	  ends	  of	  each	  limb	  crossing.	  	  The	  Earth	  appeared	  nearly	  full,	  at	  phase	  angle	  23°,	  with	  a	  diameter	  of	  2.2°,	  subtending	  48	  pixels	  in	  the	  visible	  and	  NIR	  cameras	  and	  22	  pixels	   in	   the	  MIR	   cameras.	   	  During	   the	   scans,	   the	  NSP1instrument	   took	   spectra	  every	  2.35	   seconds	   with	   a	   fixed	   integration	   time	   of	   588	   ms.	   	   The	   visible	   spectrometer	   took	  observing	  triplet	  exposures	  of	  100	  ms,	  500	  ms	  and	  2500	  ms,	  repeated	  every	  7	  seconds.	  	  All	  but	  the	  100	  ms	  spectra	  were	  fully	  or	  partially	  saturated	  across	  the	  wavelength	  range.	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  In	  Earthlook	  2	  both	  Earth	  and	  the	  Moon	  were	  visible	  in	  the	  wider	  FOV	  of	  the	  cameras,	  with	  the	  Earth	  and	  Moon	  centers	  separated	  by	  4.8°.	   	   	   Imaging	  observations	  were	  taken	  during	  two	  10-­‐minute	  stare	  periods	  centered	  on	  Earth	  and	  the	  Moon.	  	  	  For	  the	  visible	  cameras,	  the	  Earth	   (Moon)	   spanned	  35	   (3)	   pixels,	   and	  15	   (1)	   pixels	   for	   the	  MIR	   cameras.	   	   	   The	  NSP1	  instrument	   took	   spectra	   every	   5	   seconds	   during	   the	   10	  minute	  Moon	   stare,	   subsequent	  slew	  to	  Earth,	  and	  10	  minute	  Earth	  stare.	   	  Of	  the	  185	  scientifically	  useful	  spectra	  only	  six	  included	   a	   clear	   view	   of	   Earth’s	   illuminated	   crescent.	   	   The	   visible	   spectrometer	   took	  successive	  100/500/2500	  ms	  observing	  triplets,	  but	  now	  repeated	  every	  10	  seconds.	  	  Data	  from	  nearly	  all	   exposures	  were	  unsaturated,	  but	  only	  14	   triplets	  were	  obtained	  with	   the	  illuminated	  Earth	  crescent	  either	  fully	  or	  partially	  in	  the	  FOV.	  	  	  	  For	   Earthlook	   3,	   Earth	  was	   observed	  with	   a	   phase	   angle	   of	   75	   degrees	   (gibbous)	  with	   a	  total	  data	  acquisition	  period	  of	  ~40	  minutes	  on	  the	  Earth.	  	  The	  same	  observing	  parameters	  used	  in	  Earthlook	  2	  were	  used	  for	  the	  spectrometers,	  with	  NSP1	  acquiring	  spectra	  every	  5	  seconds.	  	  The	  visible	  spectrometer	  acquired	  100/500/1500	  ms	  exposure	  triplets	  every	  10	  seconds.	  The	  camera	  images	  resolved	  Earth	  with	  32	  pixels	  across	  its	  diameter	  for	  the	  NIR	  and	  visible	  cameras,	  and	  14	  pixels	  for	  the	  MIR	  cameras.	  	  	  	  As	   described	   above,	   in	   all	   Earthlooks	   not	   all	   data	   taken	  was	   scientifically	   usable,	   due	   to	  saturation,	  underexposure,	  test	  patterns,	  or	  the	  Earth	  not	  being	  in	  the	  FOV.	  	  	  A	  summary	  of	  the	  available	  scientifically	  usable	  data	   for	  each	  Earthlook	  and	  each	   instrument	   is	  given	   in	  Table	  3.	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  Figure	  1	  is	  a	  sample	  subset	  of	  images	  from	  Earthlook	  1,	  2,	  and	  3	  in	  which	  the	  Earth	  spanned	  2.2,	  1.6,	  and	  1.5	  degrees,	  respectively.	  	  Certain	  regions	  that	  appear	  bright	  in	  reflected	  light	  seen	  in	  the	  NIR	  images	  then	  appear	  dark	  in	  the	  emitted	  radiation	  seen	  in	  the	  MIR	  images.	  	  Note	   that,	   since	   Earth	   is	   emitting	   radiation	   at	   the	   wavelengths	   spanned	   by	   the	   MIR	  cameras,	  we	   see	   the	   entire	  disk	   of	   the	  planet	   (sunlit	   and	  un-­‐illuminated	  portions)	   in	   the	  MIR	  images.	  	  
2.1 Recalibration	  of	  Visible	  Spectra	  	  Initial	   comparisons	   between	   the	   Earth	   model	   and	   the	   LCROSS	   UV-­‐visible	   Earth	   spectra	  showed	   a	   significant	   wavelength-­‐dependent	   discrepancy.	   	   Subsequent	   comparisons	  between	   LCROSS	   lunar	   observations	   and	   an	   independent	   model	   of	   reflectance	   by	   the	  Moon’s	  surface	  revealed	  a	  similar	  discrepancy,	  thus	  indicating	  that	  there	  was	  a	  wavelength-­‐dependent	   offset	   present	   in	   the	   LCROSS	   UV-­‐visible	   spectra.	   	   This	   offset	   was	   significant	  enough	   to	   frustrate	   attempts	   at	   performing	   meaningful	   comparisons	   between	   Earth	  observations	   and	   models.	   	   The	   cause	   of	   the	   discrepancy	   may	   be	   related	   to	   the	   visible	  spectrometer	  radiance	  calibration	  procedure,	  which	  was	  based	  on	  an	  engineering	  test	  unit	  (Ennico	   et	   al.	   2012),	   not	   the	   true	   flight	   unit.	   	   To	   correct	   the	   offset,	   we	   use	   a	   recently	  published	  empirical	  model	  of	  the	  Moon’s	  reflectance	  (Buratti	  et	  al.	  2011),	  along	  with	  data	  taken	  in	  flight	  during	  a	  so-­‐called	  lunar	  “swingby,”	  where	  we	  know	  the	  viewing	  geometry,	  to	  re-­‐calibrate	  the	  LCROSS	  VSP	  observations.	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High	   signal-­‐to-­‐noise	   observations	   were	   obtained	   for	   the	   Mendeleev	   Crater	   (Swingby	   1),	  Goddard	  Crater	  (Swingby	  2),	  and	  Giordano	  Bruno	  Crater	  (Swingby	  3)	  regions	  of	  the	  Moon	  on	  2009-­‐Jun-­‐23.	   	  Table	  4	  shows	  the	  sub-­‐spacecraft,	  boresight,	  and	  sub-­‐solar	  latitudes	  and	  longitudes	  for	  the	  three	  swingby	  datasets.	  	  As	  an	  example,	  Figure	  2	  shows	  a	  VSP	  spectrum	  from	  Swingby	  1	  (prior	  to	  recalibration),	  and	  a	  corresponding	  model	  of	  the	  spectrum	  of	  the	  lunar	   surface.	   	   The	   difference	   between	   the	   data	   and	  model	   is	   largest	   near	   0.37	  µm	   (370	  nm),	  with	  the	  data	  being	  too	  dim	  by	  a	  factor	  of	  ~2.	  	  Figure	   3	   shows	   wavelength-­‐dependent	   ratios	   of	   the	   observed	   spectra	   to	   the	   modeled	  spectra	  for	  all	  three	  lunar	  swingby	  datasets.	  	  Smoothed	  and	  un-­‐smoothed	  curves	  are	  shown	  for	  Swingby	  1,	  while	  only	  smoothed	  curves	  are	  shown	  for	  Swingby	  2	  and	  3.	  	  Fine	  structure	  in	   the	   un-­‐smoothed	   curve	   is	   primarily	   due	   to	   noise	   and	   differences	   between	   the	   solar	  spectrum	  at	   the	   time	  of	   observation	   and	   the	   spectrum	  used	   in	   our	  model	   (Wehrli	   1985)	  and/or	   small	   offsets	   in	   the	   wavelength	   calibration	   of	   the	   instrument.	   	   This	   structure	  contains	  little	  information	  regarding	  intensity	  calibration	  errors.	  	  Thus,	  we	  smoothed	  over	  the	   fine	   structure	   for	   each	   swingby.	   	   Smoothed	   curves	   for	   each	   swingby	  observation	   are	  typically	   within	   5%	   of	   their	   collective	   mean,	   so	   averaging	   these	   together	   yields	   a	  wavelength-­‐dependent	   scaling	   factor	   that	   is	   both	   smoothly	   varying	   and	   suitable	   for	   re-­‐calibrating	  LCROSS	  VSP	   spectra.	   	  All	   visible	   spectra	   shown	   in	   later	  portions	  of	   this	  paper	  have	   been	   scaled	   using	   this	   wavelength-­‐dependent	   factor	   (made	   available	   at	  vpl.astro.washington.edu).	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The	  primary	  result	  to	  come	  from	  LCROSS	  visible	  spectroscopic	  dataset	  is	  an	  estimate	  of	  the	  amount	  of	  water	   in	   the	   lunar	   regolith.	   	  Analysis	  of	  an	  OH	  emission	   feature	  near	  0.31	  µm	  (310	  nm)	  in	  the	  ejecta	  plume	  180	  s	  after	  the	  Centaur	  imact	  yielded	  an	  estimate	  of	  23	  +/-­‐	  11	  kg	   of	   water	   in	   the	   instrument	   field-­‐of-­‐view	   (Colaprete	   et	   al.	   2010).	   	   Using	   our	   updated	  calibration,	  this	  estimate	  increases	  to	  29	  +/-­‐	  12	  kg,	  which	  is	  in	  better	  agreement	  with	  the	  value	  derived	  from	  LCROSS	  NIR	  observations	  at	  the	  same	  time	  post	  impact	  (52.5	  +/-­‐	  2.6	  kg)	  (T.	  Colaprete,	  personal	  communication).	  
3 THE	  VPL	  EARTH	  MODEL	  	  We	   use	   the	   VPL	   three-­‐dimensional	   spectral	   Earth	   model	   to	   simulate	   the	   LCROSS	   Earth	  observations.	   	  This	  model	   is	  described	   in	  detail	   in	  Robinson	  et	  al.	   (2011),	   so	  only	  a	  brief	  summary	  of	  the	  model	  is	  presented	  below.	  	  Recent	  model	  upgrades	  are	  discussed	  in	  Section	  3.2.	  
3.1 Model	  Description	  	  The	   VPL	   Earth	   model	   is	   a	   comprehensive	   tool	   for	   simulating	   the	   time-­‐dependent	  appearance	  of	  the	  distant	  Earth.	  	  The	  model	  incorporates	  absorption	  and	  scattering	  by	  the	  atmosphere,	   clouds,	   and	   surface,	   and	   includes	   specular	   reflectance	   from	   the	   ocean	   and	  direction-­‐dependent	  scattering	  by	  clouds,	  both	  of	  which	  are	  crucial	  for	  determining	  Earth’s	  phase-­‐dependent	  brightness	   in	  reflected	   light.	   	  The	  VPL	  Earth	  model	  has	  been	  previously	  validated	  against	  several	  datasets:	  visible	  photometric	  and	  NIR	  spectroscopic	  observations	  of	   Earth	   from	   NASA's	   EPOXI	   mission,	   mid-­‐infrared	   spectroscopic	   observations	   of	   Earth	  from	  the	  Atmospheric	  Infrared	  Sounder	  (AIRS)	  aboard	  NASA's	  Aqua	  satellite	  (Robinson	  et	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al.	   2011),	   and	   broadband	   visible	   observations	   of	   Earth's	   brightness	   from	   Earthshine	  observations	  (Robinson	  et	  al.	  2010).	  	  Typically,	   the	   VPL	   Earth	   model	   is	   used	   to	   generate	   phase-­‐dependent	   disk-­‐integrated	  spectra	  of	  the	  Pale	  Blue	  Dot.	   	  To	  create	  these	  spectra,	  the	  model	  computes	  the	  integral	  of	  the	  projected	  area	  weighted	  intensity	  in	  the	  direction	  of	  the	  observer,	  which	  can	  be	  written	  as	  
	   Fλ oˆ, sˆ( ) = Re2d 2 Iλ2π∫ nˆ, oˆ, sˆ( ) nˆ ⋅ oˆ( )dω 	   (1)	  where	  Fλ 	  is	   the	  disk-­‐integrated	  specific	   flux	  density	   (“flux"	  hereafter),	   Re 	  is	   the	  radius	  of	  Earth	   (6378	   km),	   d 	  is	   the	   distance	   from	   the	   observer	   to	   the	   planet,	   Iλ nˆ, oˆ, sˆ( ) 	  is	   the	  location-­‐dependent	   specific	   intensity	   in	   the	   direction	   of	   the	   observer,	   dω 	  is	   an	  infinitesimally	  small	  unit	  of	  solid	  angle	  on	  the	  globe,	   nˆ 	  is	  a	  surface	  normal	  unit	  vector	  for	  the	   portion	   of	   the	   surface	   corresponding	   to	   dω ,	   and	   oˆ 	  and	   sˆ 	  are	   unit	   vectors	   in	   the	  direction	   of	   the	   observer	   and	   the	   Sun,	   respectively.	   	   For	   a	   disk-­‐integrated	   spectrum,	   the	  integral	   in	   Equation	   (1)	   is	   over	   the	   entire	   observable	   hemisphere	   (2π	   steradians,	   as	  indicated),	   although	   spectra	   of	   smaller	   regions	   of	   the	   planet’s	   disk	   can	   be	   obtained	   by	  integrating	  over	  a	   smaller	   solid	  angle	   (see	  Section	  3.2).	   	  Note	   that	   the	  dot	  product	  at	   the	  end	  of	  Equation	  (1)	  ensures	  that	  an	  element	  of	  area	   Re2dω 	  near	  the	   limb	  is	  weighted	   less	  than	  an	  element	  of	  equal	  size	  near	  the	  sub-­‐observer	  point.	  	  The	   integral	   in	   Equation	   (1)	   is	   numerically	   evaluated	   by	   dividing	   the	   globe	   into	   sets	   of	  equal-­‐area	   pixels	   according	   to	   the	   Hierarchical	   Equal	   Area	   isoLatitude	   Pixelization	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(HEALPix)	   model	   (Górski	   et	   al.	   2005)1 .	   	   The	   Earth	   model	   maintains	   two	   different	  pixelizations,	  or	  resolutions—a	  set	  of	  atmospheric	  pixels	  and	  a	  set	  of	  surface	  pixels,	  which	  are	  nested	  beneath	  the	  atmospheric	  pixels.	  	  Key	  atmospheric	  properties	  (e.g.,	  temperature	  and	  gas	  mixing	  ratio	  profiles)	  are	  specified	  by	  data	  from	  several	  different	  Earth-­‐observing	  satellites,	  and	  are	  mapped	  at	   the	  resolution	  of	   the	  atmospheric	  pixels	  (typically	  48	  pixels	  over	  the	  globe).	  	  Coverages	  of	  different	  surface	  and	  cloud	  types	  (e.g.,	  snow,	  thin	  ice	  clouds)	  are	  also	  taken	  from	  Earth-­‐observing	  satellite	  data,	  but	  are	  mapped	  at	  the	  higher	  resolution	  of	   the	   surface	   pixels.	   	   Using	   this	   nested	  pixelization	   scheme	   allows	  us	   to	   capture	   a	   large	  dynamic	  range	   in	  surface	  coverage	  and	  cloudiness	  (which	  vary	  on	  relatively	  small	  spatial	  scales),	   while	   still	   maintaining	   short	   model	   runtimes	   (which	   depend	   primarily	   on	   the	  atmospheric	  resolution).	  	  Dividing	   the	  planet	   into	  N	   equal-­‐area	  surface	  pixels	   converts	   the	   integral	   in	  Equation	  (1)	  into	  a	  sum	  over	  the	  surface	  pixels,	  which	  is	  given	  by	  
	   Fλ oˆ, sˆ( ) = 4πN Re2d 2 Iλi∈O∑ nˆi , oˆ, sˆ( ) nˆi ⋅ oˆ( ) 	  ,	   (2)	  where	   nˆi 	  describes	  the	  location	  on	  the	  sphere	  of	  surface	  pixel	  i,	  and	  O	  is	  the	  set	  of	  indices	  of	  all	  observable	  pixels	  (i.e.,	  all	  pixels	  with	   nˆi ⋅ oˆ > 0 	  ).	  	  The	  leading	  factor	  in	  this	  expression	  comes	  from	  the	  solid	  angle	  of	  each	  equal-­‐area	  pixel,	  which	  is	  equal	  to	   4π / N .	  	  For	  each	  modeled	  date,	  we	  generate	  a	  database	  of	  synthetic	  surface	  pixel	  spectra	  using	  the	  Spectral	  Mapping	  Atmospheric	  Radiative	  Transfer	  (SMART)	  model	  (developed	  by	  D.	  Crisp,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  see	  http://healpix.sourceforge.net	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see	  Meadows	  &	  Crisp	  1996),	  which	  is	  a	  one-­‐dimensional,	  fully	  multiple-­‐scattering,	  line-­‐by-­‐line	  radiative	  transfer	  model.	  	  For	  each	  atmospheric	  pixel,	  we	  run	  the	  SMART	  model	  over	  a	  grid	   of	   surface	   types,	   cloud	   types,	   observer	   and	   solar	   zenith	   angles,	   and	   azimuth	   angles.	  	  The	  spectrum	  of	  a	  surface	  pixel	  (i.e,	   Iλ nˆi , oˆ, sˆ( ) 	  in	  Equation	  (2))	  beneath	  this	  atmospheric	  pixel	  is	  then	  obtained	  by	  interpolating	  over	  the	  spectral	  database	  to	  the	  particular	  viewing	  geometry	  for	  the	  pixel,	  and	  by	  weighting	  interpolated	  spectra	  according	  to	  the	  coverage	  of	  different	  surface	  and	  cloud	  types	  on	  that	  surface	  pixel.	  	  
3.2 Model	  Upgrades	  	  We	  have	  made	  two	  substantial	  upgrades	  to	  the	  VPL	  Earth	  model	  published	  in	  Robinson	  et	  al.	   (2011).	   	  First,	  we	  now	  use	   the	  HITRAN	  2008	   line	   list	  database	   (Rothman	  et	  al.	  2009),	  whereas	  previous	  versions	  of	  our	  model	  used	  HITRAN	  2004.	   	   Second,	  we	  have	  upgraded	  the	  model,	  which	  previously	  provided	  only	  full	  disk-­‐integrated	  spectra	  as	  output,	  to	  allow	  for	  integration	  of	  pixel	  intensities	  over	  a	  smaller,	  user-­‐specified	  region	  of	  Earth’s	  disk.	  	  This	  enables	  comparisons	  between	  the	  model	  and	  the	  partial-­‐disk	  LCROSS	  observations.	  	  In	  this	  case,	  the	  integral	  in	  Equation	  (1)	  is	  not	  over	  2π	  steradians,	  but	  is	  instead	  over	  the	  smaller	  solid	   angle	   encompassed	   by	   a	   user-­‐defined	   FOV.	   	   For	   the	  LCROSS	   spacecraft,	   this	   is	   a	   1°	  diameter	  circular	  aperture.	  	  To	   produce	   partial-­‐disk	   observations,	  we	   use	   the	  Earth	  model	   to	   generate	   a	   datacube	   of	  pixel	   spectra	   for	   a	   user-­‐defined	   observation	   time	   and	   viewing	   geometry.	   	   This	   datacube	  contains	  all	  of	  the	  spectra	  of	  the	  individual	  surface	  pixels	  as	  seen	  from	  the	  specified	  vantage	  point	   (i.e.,	   Iλ nˆ, oˆ, sˆ( ) 	  for	   each	   pixel).	   	   Using	   the	   HEALPix	   model,	   we	   determine	   which	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surface	   pixels	   are	   contained	   within	   a	   specified	   FOV,	   and	   then	   combine	   the	   solid	   angle	  weighted	  spectra	  of	  these	  pixels.	  	  Figure	  4	  demonstrates	  this	  process,	  and	  shows	  a	  whole-­‐disk	  view	  of	  Earth	  as	  seen	  from	  the	  LCROSS	  spacecraft	  during	  the	  first	  epoch	  of	  observation	  (Earthlook	  1),	  as	  well	  as	  a	  partial-­‐disk	  view	  corresponding	  to	  the	  spectrometer	  FOV.	   	  The	  associated	  whole-­‐disk	  and	  partial-­‐disk	  spectra	  are	  also	  shown.	  
4 RESULTS	  
4.1 Images	  and	  Model	  Validation	  with	  Earthlook	  1	  and	  3	  	  Model	  images	  of	  Earth	  corresponding	  to	  the	  NIR2	  and	  MIR1	  cameras,	  as	  well	  as	  simulated	  true	   color	   images,	   are	   shown	   for	   the	   three	   Earthlooks	   in	   Figure	   5.	   	   Note	   that	   the	  model	  images	   are	   at	   higher	   spatial	   resolution	   than	   the	   data	   images,	   which	   were	   presented	   in	  Figure	  1.	   	  Unfortunately,	   issues	  with	  absolute	  radiometric	  calibration	  prevent	  meaningful	  quantitative	   comparisons	  with	   the	  models	   (see	   technical	   report	   by	   Ennico	   et	   al.	   2010)2.	  	  Instead,	  we	  use	  the	  LCROSS	  camera	  images	  as	  they	  were	  intended⎯to	  provide	  context.	  
	  Images	  from	  Earthlook	  1,	  where	  Earth	  is	  viewed	  at	  near-­‐full	  phase,	  show	  primarily	  a	  view	  of	  the	  Pacific	  Ocean,	  with	  land	  in	  North	  America	  and	  the	  northern	  polar	  cap	  also	  present.	  	  In	  the	  NIR,	  model	  images	  reveal	  that	  brightness	  is	  dominated	  by	  liquid	  water	  cloud	  structures	  off	  the	  western	  coast	  of	  North	  America	  and	  over	  northeastern	  Asia.	   	  Smaller	  structures	  of	  ice	  clouds	  are	  present	   in	  the	  equatorial	  Pacific,	  which	  are	  quite	  distinct	   in	  the	  model	  MIR	  images,	  where	  clouds	  appear	  as	  dark	  features	  due	  to	  their	  location	  at	  colder	  altitudes.	  	  Note	  that,	  at	  visible	  and	  shorter	  NIR	  wavelengths,	  droplets	   in	   liquid	  water	  clouds	  tend	  to	  have	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110008670_2011009183.pdf	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single-­‐scattering	  albedos	  near	  unity,	  and	  also	  tend	  to	  forward	  scatter.	  	  Crystals	  in	  ice	  clouds	  behave	  similarly,	  except	   for	  a	  distinct	  decrease	   in	  their	  single-­‐scattering	  albedos	  near	  1.6	  
µm.	   	  Both	  particle	   types	  have	  markedly	   lower	  single-­‐scattering	  albedos	  (~0.2−0.5)	   in	   the	  MIR.	  	  For	  a	  review	  of	  the	  optical	  properties	  of	  Earth’s	  clouds,	  see	  Kokhanovsky	  (2004).	  	  The	  view	  in	  Earthlook	  3	  is	  of	  South	  America	  and	  the	  northern	  Atlantic	  Ocean,	  and	  Earth	  is	  viewed	  near	   quadrature.	   	   The	   brightest	   features	   in	   the	  NIR	   are	   liquid	  water	   clouds	   over	  South	  America.	   	  A	   few	   ice	  cloud	  structures	  appear	  near	  Central	  America.	   	   In	  Earthlook	  2,	  which	   is	  a	  crescent	  phase	  observation,	  specular	  reflectance	   from	  the	   Indian	  Ocean	  (glint)	  dominates	  the	  NIR	  data	  image	  and	  is	  reproduced	  in	  the	  model.	   	  Glint,	  which	  originates	  at	  the	   surface,	   is	   relatively	  easy	   to	  detect	  using	   the	  NIR2	  camera’s	  wide	  bandpass	   since	   the	  effect	   is	  most	  pronounced	  at	  wavelengths	   that	   are	  unaffected	  by	  Rayleigh	   scattering	   and	  strong	  gas	  absorption.	  	  	  While	  the	  large-­‐scale	  pixelization	  in	  the	  simulated	  MIR	  images	  is	  due	  to	  spatial	  averaging	  of	  atmospheric	   properties	   (which	   is	   necessary	   to	   reduce	   model	   runtime),	   a	   distinct	  meridional	  gradient	  can	  be	  seen.	  	  This	  gradient	  is	  also	  quite	  apparent	  in	  the	  LCROSS	  images	  for	  Earthlook	  2.	   	   The	  northern	  hemisphere	   is	   relatively	  warm,	   as	   it	   is	   transitioning	   from	  summer	  to	  fall,	  while	  the	  southern	  hemisphere	  is	  relatively	  cool,	  as	  it	  is	  transitioning	  from	  winter	   to	   spring.	   	   Thus,	   this	   gradient,	   which	   influences	   MIR	   observations,	   is	   linked	   to	  seasonality,	  and	  will	  vary	  in	  time	  (Cowan	  et	  al.	  2012b).	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We	  performed	  a	  quantitative	  validation	  of	  the	  Earth	  model	  against	  the	  observed	  UV-­‐visible	  and	   NIR	   spectra	   for	   Earthlook	   1	   and	   3.	   	   (Comparisons	   to	   Earthlook	   2	   are	   given	   special	  treatment	   due	   to	   the	   importance	   of	   glint,	   and	   are	   presented	   in	   the	   following	   section.)	  Figure	   6	   shows	   the	   spectrometer	   FOV	   and	   the	   position	   of	   the	   spectrometer	   boresight	  center	  through	  time	  for	  each	  Earthlook.	  	  Ultraviolet-­‐visible	  and	  NIR	  spectra	  are	  shown	  for	  Earthlook	   1	   and	   Earthlook	   3	   in	   Figure	   7	   and	   Figure	   8,	   respectively.	   	   The	   shade	   of	   each	  spectrum	  corresponds	  to	  the	  pointings	  shown	  in	  Figure	  6.	  
	  Spacecraft	  pointing	  was	  being	  tested	  during	  Earthlook	  1,	  so	  the	  boresight	  wandered	  over	  a	  large	  portion	  of	  Earth’s	  disk.	  	  As	  a	  result,	  we	  see	  a	  larger	  dynamic	  range	  in	  Earthlook	  1	  than	  in	   Earthlook	   3,	  where	   the	   pointing	  was	  more	   tightly	   constrained.	   	   In	   Earthlook	   1,	   cloud	  features	  dominate	  the	  brightest	  spectra,	  while	  the	  dimmest	  spectra	  are	  for	  pointings	  near	  Earth’s	  limb.	  	  For	  Earthlook	  3,	  the	  brightest	  spectra	  correspond	  to	  pointings	  that	  contain	  a	  large	  cloud	  feature	  on	  the	  central-­‐western	  coast	  of	  South	  America	  that	  is	  close	  to	  the	  edge	  of	  the	  FOV.	  
	  The	  most	  notable	   absorption	   feature	   in	   the	  UV-­‐visible	   spectra	   is	   the	  0.255	  µm	  (255	  nm)	  ozone	   feature,	   with	   the	   remainder	   of	   the	   features	   being	   primarily	   due	   to	   the	   solar	  spectrum.	  	  The	  NIR	  spectra	  clearly	  show	  water	  vapor	  absorption	  bands	  at	  1.4	  µm	  and	  1.9	  
µm.	   	   Signal-­‐to-­‐noise	   ratios	   (SNRs)	   are	   largest	   outside	   of	   these	   bands,	   especially	   in	   the	  continuum	  region	  near	  1.6	  µm,	  and	  throughout	  most	  of	  the	  visible	  range.	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Model	  spectra	  for	  Earthlook	  1	  and	  3	  are	  also	  shown	  in	  Figure	  7	  and	  Figure	  8.	  	  As	  there	  are	  several	   hundred	   observed	   spectra	   for	   each	   of	   these	   Earthlooks,	   we	   chose	   to	   limit	   our	  comparison	  to	  the	  extremes	  in	  brightness,	  thus	  demonstrating	  that	  the	  model	  captures	  the	  absolute	  brightness	  and	  the	  dynamic	  range.	  	  The	  boresight	  center	  latitude	  and	  longitude	  for	  the	   brightest	   and	   dimmest	   spectra	   (with	   regard	   to	   continuum)	   were	   used	   to	   generate	  model	  spectra,	  integrated	  over	  the	  same	  sub-­‐region	  of	  Earth’s	  disk	  as	  the	  observations.	  
	  Overall,	   the	   model	   spectra	   closely	   resemble	   the	   observations,	   and	   capture	   the	   dynamic	  range	  seen	  in	  Earthlook	  1	  and	  3.	  	  The	  model	  falls	  within	  the	  10%	  calibration	  uncertainty	  in	  the	   data	   in	  most	   cases.	   	   One	   exception	   is	   the	   dimmest	  model	   spectrum	   for	   Earthlook	   1,	  which	   is	   about	   30%	   too	   dim	   in	   the	  NIR	   continuum	   region	   near	   1.6	  µm	   (Figure	   7).	   	   This	  discrepancy	   is	  most	   likely	  due	  to	  pointing	  uncertainties,	  which	  are	  5−10%	  the	  size	  of	   the	  FOV	  diameter	  (1°).	  	  As	  the	  dimmest	  pointings	  for	  Earthlook	  1	  occur	  when	  the	  spectrometer	  is	  at	  the	  limb,	  where	  only	  about	  half	  of	  the	  FOV	  covers	  Earth’s	  disk,	  small	  pointing	  errors	  translate	  to	  relatively	  large	  changes	  in	  brightness,	  which	  we	  confirmed	  with	  the	  model.	  
4.2 Glint	  	  Hundreds	  of	  spectral	  observations	  were	  taken	  during	  Earthlook	  2,	  and	  most	  were	  centered	  on	  un-­‐illuminated	  regions	  of	   the	  disk.	   	  Only	  a	  small	  number	  of	   these	  observations	  clearly	  captured	  the	  illuminated	  crescent	  of	  Earth⎯one	  UV-­‐visible	  spectrum	  and	  six	  NIR	  spectra.	  	  These	  spectra	  are	  shown	   in	  Figure	  9,	  along	  with	  model	  spectra.	   	  The	  standard	  VPL	  Earth	  model	   includes	  specular	   reflectance	   from	  the	  ocean	  surface,	  or	  glint,	   and	  we	  also	  show	  a	  model	   where	   the	   glint	   effect	   has	   been	   removed.	   	   In	   the	   model	   without	   glint,	   the	   ocean	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surface	   is	   assumed	   to	   scatter	   in	   an	   isotropic	   (Lambertian)	   fashion,	   using	   a	   measured	  wavelength-­‐dependent	  ocean	  albedo.	  
	  At	   most	   continuum	   wavelengths,	   only	   the	   model	   that	   includes	   glint	   can	   match	   the	  observations.	   	  This	  model	   is	  within	   the	  10%	  calibration	  uncertainty	   for	   the	  observations,	  and	   matches	   the	   UV-­‐visible	   spectrum	   especially	   well.	   	   Both	   models	   reproduce	   the	  observations	   shortward	  of	   0.4	  µm	  (400	  nm)	   and	   in	   the	  NIR	  water	   absorption	  bands.	   	  At	  these	  wavelengths,	  the	  observations	  are	  not	  sensitive	  to	  the	  surface,	  where	  the	  glint	  effect	  originates.	   	  This	   lack	  of	   sensitivity	   to	   the	  surface	   is	  due	   to	  Rayleigh	  scattering	  and	  ozone	  absorption,	  which	  dominate	  the	  spectrum	  shortward	  of	  0.4	  µm,	  and	  the	  optically-­‐thick	  NIR	  water	   bands.	   	   Thus,	   it	   would	   be	   expected	   that	   a	   model	   without	   glint	   would	   reproduce	  crescent-­‐phase	  observations	  of	  Earth	  at	  these	  wavelengths.	  	  Longward	  of	  0.4	  µm,	  however,	  the	   inclusion	   of	   glint	   is	   essential	   for	   reproducing	   the	   observations	   at	   continuum	  wavelengths.	  	  For	  the	  visible	  spectra,	  the	  glint	  effect	  increases	  the	  brightness	  by	  as	  much	  as	  40%,	  with	   the	  contribution	  growing	  to	  as	  much	  as	  80%	  in	   the	  NIR	  spectra.	   	  This	  relative	  increase	   also	  holds	   for	   the	  disk-­‐integrated	   spectra	   (shown	   in	   the	  NIR	  panel	   of	   Figure	  9),	  although	   the	   overall	   brightness	   decreases	   due	   to	   integration	   over	   the	   unilluminated	  portion	  of	  the	  disk.	  	  	  
4.3 Ozone	  Detection	  	  The	  most	  striking	  feature	  in	  the	  observed	  UV-­‐visible	  spectra	  is	  the	  255	  nm	  near-­‐UV	  ozone	  absorption	  feature.	  	  To	  better	  demonstrate	  this	  feature,	  we	  show	  reflectance	  spectra	  from	  all	   three	   Earthlooks	   in	   Figure	   10.	   	   These	   spectra	   were	   generated	   by	   first	   selecting	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intermediate	   brightness	   cases	   from	   each	   Earthlook.	   	   Dividing	   these	   spectra	   by	   the	   lunar	  spectrum	   from	   Swingby	   1	   removes	   the	   solar	   spectrum,	   and	   produces	   a	   quantity	   that	   is	  proportional	   to	   Earth’s	   reflectivity	   divided	   by	   the	   Moon’s	   reflectivity.	   	   We	   remove	   the	  contribution	   from	   the	   lunar	   reflectance	   by	   using	   the	   previously-­‐mentioned	   reflectivity	  model	   from	   Buratti	   et	   al.	   (2011).	   	   While	   a	   small	   amount	   of	   noise	   remains,	   the	   near-­‐UV	  ozone	   feature	   is	   clearly	   visible,	   as	   well	   as	   two	   water	   vapor	   bands	   and	   an	   oxygen	   (O2)	  feature.	  	  The	  LCROSS	   observations	  are	  dominated	  by	  systematic	  noise	   in	   the	  near-­‐UV	  ozone	  band,	  while	   the	   model	   shows	   that	   Earth’s	   brightness	   falls	   by	   about	   4−5	   orders	   of	   magnitude	  between	   450	   nm	   and	   the	   core	   of	   the	   Hartley	   band.	   	   This	   decrease	   in	   brightness	   is	   due	  primarily	   to	   ozone	   absorption,	   but	   the	   solar	   spectrum	   is	   also	   decreasing	   at	   these	  wavelengths.	   	   As	   a	   result,	   the	   reflectivity	   decrease,	   which	   divides	   out	   the	   solar	   flux,	  between	   these	   two	   wavelengths,	   while	   still	   very	   dramatic,	   is	   slightly	   less	   exaggerated.	  	  Roughly	  1017	  molecules	  cm-­‐2	  are	  required	  to	  make	  the	  Hartley	  ozone	  band	  optically	  thick,	  compared	   to	   typical	   levels	   of	   about	   1019	   molecules	   cm-­‐2	   for	   Earth’s	   atmosphere.	  	  Stratospheric	  ozone	  is	  produced	  by	  photodissociation	  of	  oxygen	  molecules	  and	  a	  series	  of	  chemical	  reactions	  leading	  to	  the	  combination	  of	  an	  oxygen	  atom	  with	  an	  oxygen	  molecule,	  yielding	  ozone	  (Solomon	  1999).	  	  The	  kinetics	  of	  this	  reaction	  in	  Earth’s	  atmosphere	  is	  such	  that	  molecular	  oxygen	  at	  a	  level	  of	  only	  ~0.1%	  that	  of	  the	  present	  atmospheric	  level	  (which	  is	   21%	   by	   volume)	  would	   be	   required	   to	   produce	   ozone	   concentrations	   high	   enough	   to	  make	   the	  Hartley	  band	  optically	   thick	   (Kasting	   et	   al.	   1985;	  Kaltenegger	   et	   al.	   2007)	   and,	  hence,	  more	  easily	  detected.	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  Figure	   10	   also	   shows	   model	   reflectance	   spectra	   for	   Earthlook	   3	   both	   with	   and	   without	  ozone	  absorption	  included.	   	  The	  Hartley	  band	  is	  clearly	  the	  dominant	  feature	  in	  the	  near-­‐UV.	   	  Comparing	   the	  models	  with	  and	  without	  ozone	  shows	   the	  presence	  of	   the	  Chappuis	  band	  (400−700	  nm).	   	  This	  absorption	  feature	   is	  both	  broad	  and	  weak,	  and	  influences	  the	  spectrum	  at	  levels	  less	  than	  about	  10%.	   	  As	  this	  difference	  is	  of	  the	  order	  of	  the	  data	  and	  model	  uncertainties,	  it	  is	  difficult	  to	  detect	  the	  Chappuis	  band	  in	  the	  observations.	  
5 DISCUSSION	  
5.1 Data-­‐Model	  Comparisons	  	  The	   VPL	   Earth	   model	   has	   been	   previously	   validated	   against	   a	   number	   of	   datasets.	   	   In	  Robinson	   et	   al.	   (2011),	   the	  model	  was	   compared	  broadband	  photometric	  UV	   and	   visible	  observations	  of	  Earth.	   	  The	  spectral	  resolution	  of	   the	  UV-­‐visible	  spectra	  presented	   in	  this	  work	  is	  significantly	  larger	  than	  the	  EPOXI	  observations	  (λ / Δλ ~ 500 vs.	  6),	  and	  the	  good	  agreement	   between	   the	   LCROSS	   data	   and	   model	   at	   UV	   and	   visible	   wavelengths	   lends	  further	  credibility	  to	  the	  model.	   	   In	  the	  EPOXI	  comparisons,	  the	  model	  was	  systematically	  dimmer	   than	   the	   observations	   at	   350	   nm	   and	   450	   nm	   by	   about	   6−8%,	   and	   Fujii	   et	   al.	  (2011)	   found	   similar	   offsets	   at	   these	  wavelengths.	   	  However,	   our	  model	   agrees	  with	   the	  
LCROSS	   spectra	   at	   these	   wavelengths.	   	   We	   therefore	   conclude	   that	   the	   EPOXI	   data	   may	  contain	  a	  small	  calibration	  offset	  in	  absolute	  brightness	  at	  UV	  wavelengths.	  	  This	  conclusion	  is	   somewhat	   weak,	   though,	   since	   both	   the	   EPOXI	   and	   LCROSS	   observations	   are	   only	  absolutely	  calibrated	  to	  the	  ~10%	  level.	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  Comparisons	  of	  the	  model	  to	  high	  spectral	  resolution	  observations	  of	  the	  glinting	  Earth	  at	  crescent	  phase	  are	  the	  first	  of	  their	  kind.	  	  We	  find	  very	  good	  agreement	  between	  the	  data	  and	  model	   in	  the	  crescent	  phase	  data	  set	  (Earthlook	  2),	  especially	  at	  visible	  wavelengths,	  where	   discrepancies	   are	   well	   within	   the	   10%	   calibration	   uncertainty.	   	   This	   comparison	  confirms	  model	  predictions	  of	  Earth’s	  brightness	  made	  in	  Robinson	  et	  al.	  (2010).	  	  We	  note	  that,	  at	  the	  phase	  angle	  of	  Earthlook	  2	  (129°),	  observing	  an	  Earth-­‐twin	  in	  an	  edge-­‐on	  orbit	  around	  a	  Sun-­‐like	  star	  at	  10	  pc	  would	  require	  a	  telescope	  inner	  working	  angle	  of	  at	  least	  77	  mas.	   	   This	   estimate	   doubles	   if	   the	   system	   is	   instead	   taken	   to	   be	   at	   5	   pc.	   	   These	   inner	  working	  angles	  are	  comparable	  to	  those	  being	  considered	  for	   future	  terrestrial	  exoplanet	  characterization	   mission	   concepts	   (e.g.,	   Brown	   &	   Soummer	   2010),	   and	   so	   searching	   for	  glint	  at	  this	  phase	  is	  theoretically	  possible	  for	  such	  missions.	  	  Previous	   model	   validations	   against	   broadband	   (400−700	   nm)	   Earthshine	   observations	  showed	   that	   the	   VPL	   Earth	  model	  was	   systematically	   20−35%	   dimmer	   than	   the	   data	   at	  crescent	   phases.	   	   The	   agreement	   we	   find	   here	   between	   the	   crescent	   phase	   LCROSS	  observations	  and	  our	  Earth	  model	  suggests	   that	   the	  systematic	  offset	  between	  the	  model	  and	  the	  Earthshine	  observations	  may	  be	  due	  to	  a	  calibration	  issue	  in	  the	  Earthshine	  data,	  which	   could	   have	   ramifications	   for	   published	   estimates	   of	   Earth’s	   spherical	   albedo	   at	  visible	  wavelengths	  (Pallé	  et	  al.	  2003).	  	  We	  estimate	  that	  these	  systematics	  could	  result	  in	  errors	  in	  the	  spherical	  albedo	  measurement	  as	  large	  as	  0.01−0.02	  (or	  about	  3−6%).	  	  While	  not	   a	   large	   effect	   overall,	   these	   errors	   are	  much	   larger	   than	   the	   reported	   uncertainties,	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which	  were	  typically	  ~1%.	  	  Further	  space-­‐based	  observations	  of	  the	  crescent	  phase	  Earth	  at	  visible	  wavelengths	  would	  help	  to	  clarify	  this	  issue.	  	  The	  crescent	  phase	  data-­‐model	  comparisons	  confirm	  the	  predictions	  of	  Earth’s	  brightness	  made	   in	   Robinson	   et	   al.	   (2010),	   and	   demonstrate	   the	   significant	   contribution	   of	   glint	   to	  Earth’s	   crescent	   phase	   reflectivity.	   	   In	   the	   context	   of	   exoplanet	   habitability,	   there	   are,	  however,	  effects	   that	  could	  be	   false	  positives	   for	   the	  glint	  signal,	   such	  as	  cloud	  scattering	  (Robinson	   et	   al.	   2010)	   and	   the	   tendency	   of	   crescent	   phase	   observations	   to	   probe	   colder	  regions	  of	  a	  planet	  (Cowan	  et	  al.	  2012a).	  	  Thus,	  it	  remains	  to	  be	  shown	  whether	  or	  not	  glint	  can	  be	  used	  to	  unambiguously	  detect	  oceans	  on	  exoplanets.	   	  Approaches	  to	  disentangling	  potential	   false	   positives	   from	   the	   glint	   effect	   may	   include	   using	   polarization	   signatures	  caused	  by	  specular	  reflection	  (Williams	  &	  Gaidos	  2008;	  Zugger	  et	  al.	  2010).	  	  However,	  it	  is	  important	   to	   note	   that	   both	   Rayleigh	   and	   cloud	   scattering	   can	   have	   strong	   polarization	  signatures,	   and	   either	   of	   which	   can	   overwhelm	   the	   glint	   polarization	   signature,	   thus	  affecting	  the	  interpretation	  of	  observations	  (Zugger	  et	  al.	  2011).	  	  Another	  approach	  might	  utilize	  wavelength-­‐dependence	  in	  the	  glint	  signature	  (Robinson	  et	  al.	  2010),	  which	  is	  likely	  distinct	  from	  cloud	  or	  snow/ice	  reflection.	  	  Satellite	   images	   of	   Earth	   have	   revealed	   that	   cirrus	   clouds	   can	   also	   produce	   specular	  reflection,	  which	  occurs	  when	  the	  ice	  crystals	  in	  the	  cloud	  are	  oriented	  preferentially	  in	  the	  horizontal	  direction	  (Chepfer	  et	  al.	  1999).	  	  While	  this	  phenomenon	  is	  important	  to	  remote	  sensing	   in	   the	   Earth	   sciences,	   it	   does	   not	   significantly	   influence	   disk-­‐integrated	  observations	   due	   to	   the	   spatial	   scales	   involved.	   	   As	   Figure	   5	   shows,	   the	   ocean	   glint	   spot	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appears	   large	   at	   crescent	   phases,	   allowing	   it	   to	   strongly	   influence	   the	   crescent	   Earth’s	  reflectivity.	   	   Cirrus	   clouds,	   however,	   are	   typically	   ~10	   km	   in	   horizontal	   scale	   (although	  larger	  cirrus	  clouds	  are	  known	  to	  occur)	  (Dowling	  &	  Radke	  1990),	  and	  cover	  <10%	  of	  the	  planet	   (for	  moderate	   and	   thick	   cirrus	   clouds)	   (Chen	   et	   al.	   2000).	   	   Furthermore,	   it	  would	  seem	   extremely	   unlikely	   that	   preferential	   horizontal	   orientation	   of	   ice	   crystals	   could	   be	  maintained	  across	  the	  large	  number	  of	  cirrus	  structures	  required	  to	  cover	  an	  area	  similar	  to	  that	  as	  the	  ocean	  glint	  spot	  at	  crescent	  phases.	  
5.2 The	  Ozone	  Hartley	  Band	  as	  a	  Biosignature	  	  The	   255	   nm	   Hartley	   absorption	   feature	   due	   to	   ozone	   in	   the	   Earth's	   atmosphere	   is	  noteworthy	   for	   its	   strength.	   	  If	   seen	   in	   the	   atmosphere	   of	   an	   exoplanet,	   this	   band	  would	  provide	   evidence	   for	   life,	   since,	   at	   least	   on	   Earth,	   it	   is	   produced	   via	   the	   photolysis	   of	  photosynthetically	  produced	  oxygen.	  	  Heap	  et	  al.	  (2008)	  argue	  that	  the	  ozone	  Hartley	  band	  may	  be	  the	  most	  sensitive	  tracer	  of	  oxygen	  in	  an	  exoplanet’s	  atmosphere,	  and	  it	  is	  certainly	  one	  of	  the	  strongest	  absorption	  features	  in	  Earth’s	  spectrum.	  	  	  There	  are	  also	  a	  number	  of	  observational	  advantages	  to	  searching	  for	  UV	  features	  on	  extrasolar	  planets.	  	  Since	  spatial	  resolution	  is	  proportional	  to	  wavelength,	  the	  UV	  offers	  higher	  spatial	  resolution	  for	  a	  given	  telescope	  diameter	  and,	  hence,	  improved	  ability	  to	  spatially	  resolve	  the	  planet	  from	  its	  host	  star.	  	  There	  is	  also	  a	  reduced	  influence	  of	  extrazodiacal	  dust,	  which	  has	  a	  lower	  reflectivity	  at	  UV	  wavelengths.	  	  However,	  there	  are	  a	  number	  of	  challenges	  to	  observing	  such	  a	  feature	  in	  the	  spectrum	  of	  an	   exoplanet.	   	  Stars	   with	   temperature	   at	   or	   below	   that	   of	   the	   Sun	   emit	   little	   flux	   at	   UV	  wavelengths,	  and	  UV	  detectors	  typically	  have	  lower	  efficiency	  at	  these	  wavelengths	  than	  at	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visible	  wavelengths.	   	  Additionally,	  many	   common	   atmospheric	   gases	   strongly	   absorb	   UV	  radiation	   in	   the	  100−300	  nm	  range,	  potentially	   confusing	  efforts	   to	   identify	  and	  quantify	  ozone	   levels.	   	  Because	   of	   these	   factors,	   spectra	   with	   relatively	   high	   S/N	   and	   spectral	  resolution	   are	   needed	   to	   measure	   the	   planet’s	   spectrum	   at	   these	   wavelengths	   with	   the	  precision	  needed	  to	  quantify	  the	  ozone	  abundance	  from	  such	  observations.	  	  This	  possibility	  of	   “false	  positives”	   is	  also	   significant	  and	  needs	   to	  be	   further	  explored	   to	  best	  determine	  which	  observational	  capabilities	  will	  be	  able	  to	  discriminate	  features	  due	  to	  true	   biologically-­‐mediated	   ozone	   production	   from	   those	   due	   to	   strong	   abiotic	   sources	  (Domagal-­‐Goldman	   et	   al.,	   submitted)	   or	   other	  molecules.	   	   For	   example,	   in	   Figure	   11	  we	  show	  that	   transmission	   through	  a	  column	  of	  ozone	  and	  a	  column	  of	   sulfur	  dioxide	   (SO2),	  both	  with	   a	   column	   density	   of	   8x1018	  molecules	   cm-­‐2.	   	   The	   fall-­‐off	   in	   transmission	   near	  300nm	  is	  nearly	  identical	  and	  would	  be	  difficult	  to	  discriminate	  with	  photometry	  alone	  or	  with	  very-­‐low	  resolution	  spectroscopy.	   	  In	  this	  case,	  either	  more	  capable	  instrumentation	  would	  be	  required,	  or	  examination	  of	  other	  regions	  of	  the	  planet’s	  spectrum	  could	  help	  to	  determine	  the	  source	  of	  the	  UV	  feature.	  	  For	  example,	  as	  shown	  in	  the	  LCROSS	  spectra,	  both	  the	  UV	  Hartley	  band	  and	  the	  Chappuis	  band	  (400−700	  nm)	  of	  ozone	  are	  potentially	  visible	  for	   Earth-­‐like	   quantities	   of	   ozone.	   	   Additionally,	   O2	   strongly	   absorbs	   at	   wavelengths	  shortward	   of	   260	   nm,	   and	   so	   we	   would	   not	   expect	   to	   see	   a	   “continuum”	   on	   the	   short	  wavelength	  side	  of	   the	  O3	  Hartley	  band	   if	   abundant	  oxygen	  was	  also	  present.	   	   	  However,	  many	  other	  molecules	  absorb	  shortward	  of	  200	  nm,	  and	  while	  detection	  of	  a	  continuum	  at	  wavelengths	  shortward	  of	  this	  wavelength	  would	  likely	  rule	  out	  abundant	  oxygen,	   failure	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to	  detect	  the	  continuum	  would	  not	  necessarily	  confirm	  that	  O2	  was	  present,	  or	  that	  the	  O3	  was	  biologically	  mediated.	  
6 CONCLUSIONS	  	  We	   presented	   NIR	   and	   MIR	   images	   as	   well	   as	   UV-­‐visible	   and	   NIR	   spectroscopic	  observations	  of	  Earth	  taken	  by	  the	  LCROSS	  spacecraft	  on	  three	  separate	  occasions	  (2009-­‐Aug-­‐1,	  2009-­‐Aug-­‐17,	  and	  2009-­‐Sep-­‐18).	   	  These	  observations	  span	  a	  range	  of	  Earth	  phase	  from	   crescent	   to	   near-­‐full.	   	   A	   significant	   recalibration	   was	   performed	   for	   the	   UV-­‐visible	  spectra	   to	  correct	  a	  wavelength	  dependent	  offset	   in	   the	  original	  calibration.	   	  The	  LCROSS	  Earth	   dataset	   was	   then	   used	   to	   perform	   the	   first	   high-­‐spectral	   resolution,	   visible	  wavelength	   validation	   of	   the	   VPL	   3-­‐D	   spectral	   Earth	   model.	   	   The	   model	   was	   shown	   to	  reproduce	   the	   absolute	   brightness	   and	   dynamic	   range	   of	   the	   spectroscopic	   observations	  from	  all	  epochs	  of	  observation	   to	  within	   the	  ~10%	  data	  absolute	  calibration	  uncertainty.	  	  Data-­‐model	   comparisons	  using	   the	   crescent	  phase	  observations	   revealed	   strong	   specular	  reflectance	   from	  Earth’s	  oceans.	   	  This	  confirms	  wavelength-­‐dependent	  model	  predictions	  at	   these	  phases,	   and	  provides	   an	  observational	   test	  of	   a	   technique	   that	  might	  be	  used	   to	  detect	  surface	  oceans	  on	  exoplanets.	  	  The	  validated	  model	  is	  now	  a	  dependable	  stand-­‐in	  for	  data	   in	  studies	   that	  aim	   to	  understand	  planetary	  properties	   from	  observations,	   such	  as	  a	  mapping	  of	  cloud	  and	  surface	  features	  (e.g.,	  Kawahara	  &	  Fujii	  2011)	  or	  the	  retrieval	  of	  the	  atmospheric	  state	  (Madhusudhan	  &	  Seager	  2009;	  Lee	  et	  al.	  2012;	  Line	  et	  al.	  2012;	  von	  Paris	  et	  al.	  2013).	  	  We	  discussed	  the	  detection	  and	  strength	  of	  the	  255	  nm	  ozone	  Hartley	  band	  in	  Earth’s	  spectrum	  as	  an	  analog	  for	  detection	  of	  a	  photosynthetic	  biosphere	  on	  an	  extrasolar	  planet.	   	   We	   conclude	   that	   detection	   of	   such	   a	   feature	   would	   be	   intriguing,	   and	   would	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certainly	   indicate	   that	   a	   more	   detailed	   observational	   follow-­‐up	   of	   the	   planet	   was	  warranted.	  	  However,	  it	  would	  not	  be	  a	  definitive	  detection	  of	  an	  oxygenic	  photosynthetic	  biosphere	  unless	   the	   spectral	  band	   could	  be	  measured	  and	   the	  O3	   abundance	  quantified,	  and/or	  other	  corroborating	   features	  of	   the	  planetary	  spectra	  were	  observed	  to	  support	  a	  likely	  biologically	  mediated	  source	  for	  the	  observed	  ozone.	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FIGURES	  	  
	  	  
Figure	  1.	  Images	  of	  Earth	  taken	  by	  NIR2	  (0.9−1.7	  µm)	  (left),	  MIR1	  (6.0−10.0	  µm)	  (middle)	  from	  each	  Earthlook.	  	  A	  schematic	  showing	  Earth’s	  orientation	  is	  also	  shown	  (right),	  which	  were	  generated	  using	  the	  Earth	  and	  Moon	  Viewer,	  first	  implemented	  by	  J.	  Walker	  (http://	  www.fourmilab.ch/cgi-­‐bin/Earth).	   	   Rows	   top	   to	   bottom	   are	   Earthlook	   1	   (2009-­‐Aug-­‐1),	  Earthlook	   2	   (2009-­‐August-­‐17),	   and	   Earthlook	   3	   (2009-­‐	   Sep-­‐18)	   where	   Earth’s	   angular	  diameter	  spanned	  2.2,	  1.6,	  and	  1.5	  degrees,	  respectively.	  	  Each	  image	  box	  represents	  a	  2.5°	  x2.5°	  FOV.	  	  A	  glint	  spot	  can	  be	  seen	  near	  the	  center	  of	  the	  crescent	  in	  the	  Earthlook	  2	  NIR2	  image,	  and	  is	  located	  in	  the	  Indian	  Ocean	  off	  the	  western	  coast	  of	  Australia.	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Figure	  2.	  	  Observed	  (black)	  and	  modeled	  (gray)	  spectra	  of	  the	  Mendeleev	  Crater	  region	  of	  the	  Moon	  (Swingby	  1).	  	  We	  use	  a	  validated	  empirical	  lunar	  reflectance	  model	  from	  Buratti	  et	   al.	   (2011).	   	   The	   wavelength-­‐dependent	   offset	   between	   the	   data	   and	   model	   is	   due,	  primarily,	  to	  calibration	  errors	  in	  the	  data.	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Figure	   3.	   	   Ratio	   of	   the	   data	   to	   the	  model	   shown	   in	   Figure	   2	   (gray,	   for	   Swingby	   1)	   and	  smoothed	  ratios	  (black)	  for	  all	  three	  swingby	  datasets.	  	  Fine	  structure	  in	  the	  gray	  curve	  is	  due	  to	  primarily	  to	  small	  differences	  in	  solar	  spectra	  and/or	  small	  offsets	  in	  the	  instrument	  wavelength	   calibration.	   	   The	   average	   of	   the	   smoothed	   curves	   provides	   a	   wavelength-­‐dependent	  scaling	  that	  is	  applied	  to	  all	  later	  visible	  spectra.	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Figure	   4.	   	   Full	   disk	   and	   partial	   disk	   views	   of	   Earth	   and	   corresponding	   solid	   angle	  integrated	  spectra	  from	  the	  VPL	  Earth	  model.	  	  The	  date	  and	  viewing	  geometry	  correspond	  to	   the	   first	  LCROSS	   epoch	  of	  observation	   (Earthlook	  1).	   	  The	  partial	  disk	  view	   is	  brighter	  than	  the	  full	  disk	  view	  at	  most	  wavelengths	  as	  the	  scene	  contained	  within	  the	  FOV	  contains	  a	  significant	  amount	  of	  cloud	  coverage.	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Figure	   5.	   	   Simulated	   images	   of	   Earth	   from	   the	   VPL	   Earth	  model	   for	   Earthlook	   1	   (top),	  Earthlook	  2	  (middle),	  and	  Earthlook	  3	  (bottom).	  	  The	  image	  at	  the	  right	  is	  true	  color,	  while	  the	   other	   two	   images	   correspond	   to	   the	   NIR2	   (0.9−1.7	   µm)(left)	   and	   MIR1	   (6.0−10.0	  
µm)(middle),	   as	   in	   Figure	   1.	   Note	   the	   glint	   spot	   in	   Earthlook	   2,	   near	   the	   center	   of	   the	  crescent	  in	  NIR	  and	  true	  color	  images.	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Figure	   6.	   	   Pointing	   on	   Earth’s	   disk	   for	   Earthlook	   1	   (top),	   Earthlook	   2	   (middle),	   and	  Earthlook	  3	  (bottom).	  	  Shades	  indicate	  the	  progression	  of	  time	  during	  each	  Earthlook,	  with	  darker	   shades	   being	   earlier	   in	   the	   observational	   sequence.	   	   The	   white	   ring,	   which	   is	  centered	  on	   the	  disk,	   indicates	   the	   field-­‐of-­‐view	  of	   the	  visible	  and	  NIR	   spectrometers	   for	  each	  Earthlook.	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Figure	  7.	  	  Observed	  and	  simulated	  UV-­‐visible	  (top)	  and	  NIR	  (bottom)	  spectra	  of	  Earth	  from	  Earthlook	  1.	  	  Data	  are	  in	  a	  variety	  of	  colors,	  which	  correspond	  to	  those	  in	  Figure	  6.	  	  Model	  spectra	  are	   in	  black	  and	   investigate	   the	  brightness	  extremes	  by	  using	   the	  pointings	   from	  the	   dimmest	   and	   brightest	   observed	   spectra.	   	   The	   data	   are	   for	   all	   pointings	   where	   the	  boresight	  was	  on	  Earth’s	  disk,	  and	  include	  110	  UV-­‐visible	  spectra	  and	  373	  NIR	  spectra.	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Figure	  8.	  	  Same	  as	  Figure	  7	  except	  for	  Earthlook	  3.	  	  The	  data	  are	  for	  all	  pointings	  where	  the	  boresight	   was	   on	   Earth’s	   disk,	   and	   include	   62	   LCROSS	   UV-­‐visible	   spectra	   and	   394	   NIR	  spectra.	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Figure	   9.	   	   	   Same	  as	  Figure	  7	  except	   for	  Earthlook	  2.	   	  Model	  brightness	  extremes	  are	  not	  shown	  due	  to	  the	  limited	  number	  of	  observations.	  	  Instead,	  models	  with	  ocean	  glint	  (black,	  solid)	  and	  without	  glint	  (black,	  dashed)	  are	  shown.	   	  Here	  we	  only	  show	  the	  observations	  that	  clearly	  captured	  the	  illuminated	  crescent,	  which	  include	  one	  UV-­‐visible	  spectrum	  and	  six	  NIR	  spectra	  (see	  furthest	  west	  blue	  cross	  in	  Earthlook	  2	  image	  in	  Figure	  6,	  located	  in	  the	  bright	  glint	  spot).	  	  Full	  disk	  models	  are	  shown	  in	  the	  NIR,	  where	  the	  overall	  dimming	  is	  due	  to	  integration	  over	  the	  unilluminated	  portion	  of	  the	  disk.	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Figure	   10.	   	  Reflectivity	  of	  Earth	  at	  UV-­‐visible	  wavelengths.	   	  Curves	  are	   for	   intermediate-­‐brightness	   cases	   from	   each	   Earthlook,	   and	   are	   taken	   as	   the	   intensity	   measured	   at	   the	  spacecraft	   divided	   by	   the	   top-­‐of-­‐atmosphere	   solar	   intensity,	   given	   as	    Fλ /π .	   	   No	  corrections	   for	   Earth’s	   phase	   angle	   have	   been	   applied.	   	   Notable	   absorption	   features	   are	  labeled,	  and	  a	  smoothing	  has	  been	  applied	  to	  reduce	  noise.	   	  Gray	  curves	  are	  from	  models	  for	  Earthlook	  3	  both	  with	  and	  without	  ozone,	  and	  show	  the	  impact	  of	  ozone	  on	  the	  spectra.	  	  
	   41	  
	  	  
Figure	  11.	  Transmission	  through	  columns	  of	  pure	  ozone	  (O3)	  and	  pure	  sulfur	  dioxide	  (SO2)	  at	  UV	  wavelengths.	  	  Both	  cases	  assume	  a	  column	  density	  of	  8x1018	  molecules	  cm-­‐2,	  which	  is	  appropriate	   for	   Earth’s	   ozone	   levels	   and	   is	   about	   100	   times	   the	   column	   density	   of	   SO2	  above	  the	  Venus	  cloud	  tops	  (Marcq	  et	  al.	  2012).	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Table	  1.	  	  Summary	  of	  Earth	  Observations	  by	  LCROSS	  	   Date	   Start	  Time	  [UTC]	   End	  Time	  [UTC]	   Earth	  Phase	  Angle	   Distance	  from	  Earth	  [km]	   Earth	  Angular	  Diameter	  	   Sub-­‐Spacecraft	  Lat/Lon	   Scene	  Earthlook	  1	   2009-­‐08-­‐01	   21:51	   22:48	   23°	   360,000	   2.2°	   39°N,	  159−164°W	   Mid-­‐Pacific,	  NE	  Asia,	  N	  America	  Earthlook	  2	   2009-­‐08-­‐17	   07:52	   08:27	   129°	   520,000	   1.6°	   26°S,	  169−179°W	   Indian	  Ocean,	  South	  Pacific,	  Australia	  Earthlook	  3	   2009-­‐09-­‐18	   18:08	   18:46	   75°	   560,000	   1.5°	   11°S,	  18−28°W	   Mid-­‐Atlantic,	  South	  America	  	  
Table	  2.	  	  Summary	  of	  LCROSS	  Science	  Instruments	  used	  in	  Earth	  Observations	  Cameras	   Pixel	  FOV	  [deg]	   FOV	  [deg]	   Filter	  VIS	   Visible	  Camera	   0.043	  x	  0.047	   30.5	  x	  22.8	   CYGM	  NIR1	   NIR	  Camera	  (Filtered)	   0.043	  x	  0.047	   28.3	  x	  21.4	   1.4−1.7	  µm	  NIR2	   NIR	  Camera	  (Un-­‐filtered)	   0.040	  x	  0.045	   28.3	  x	  21.4	   0.9−1.7	  µm	  MIR1	   MIR	  Camera	  (Filtered)	   0.097	  x	  0.097	   15.5	  x	  11.6	   6.0−10	  µm	  MIR2	   MIR	  Camera	  (Un-­‐filtered)	   0.097	  x	  0.097	   15.5	  x	  11.6	   6.0−13.5	  µm	  	   Spectrometers	   FOV	  (diam.)	   Wavelength	  Range	   Resolution	  (at	  wavelength)	  VSP	   UV-­‐Visible	  Spectrometer	   0.98°	   260−650	  nm	   1.03	  nm	  (350	  nm)	   0.98	  nm	  (450	  nm)	   0.66	  	  nm	  (550	  nm)	  NSP1	   Nadir	  NIR	  Spectrometer	   1.01°	   1.17−2.48	  µm	   0.0341	  µm	  (1.48	  µm)	  	   	   0.0362	  µm	  (2.06	  µm)	  	  
Table	  3.	  	  Number	  of	  valid	  spectra/images	  taken	  with	  Earth	  in	  FOV	  	  	  	   VSP	   NSP1	   NIR1	   NIR2	   MIR1	   MIR2	  Earthlook	  1	   110a	  	   373	   17	   10	   15d	   14	  Earthlook	  2	   14a	  14b	  14c	   185	   18	   12	   25	   25	  Earthlook	  3	   62a	  62b	   394	   30	   18	   46	   46	  aNumber	  of	  non-­‐saturated	  100ms	  exposure	  spectra.	  bNumber	  of	  non-­‐saturated	  500ms	  exposure	  spectra.	  cNumber	  of	  non-­‐saturated	  2500ms	  spectra.	  dIncorrectly	  taken	  in	  low-­‐gain.	  
	  
Table	  4.	  	  Geometry	  of	  LCROSS	  Lunar	  Swingbys	  Used	  for	  VSP	  Recalibration	   	  	   Spacecraft	  Lat/Lon	   Boresight	  Lat/Lon	   Sun	  Lat/Lon	  Swingby	  1	  	  (Mendeleev	  Crater)	   31°N,	  271°W	   4.0°N,	  216°W	   0.8°N,	  170°W	  Swingby	  2	  	  (Goddard	  Crater)	   34°N,	  271°W	   18.4°N,	  273°W	   0.8°N,	  170°W	  Swingby	  3	  	  (Giordano	  Bruno	  Crater)	   36°N,	  271°W	   38.4°N,	  254°W	   0.8°N,	  170°W	  
